1. Introduction {#s0005}
===============

Animal disease surveillance may be defined as an active, ongoing, formal, and systemic process of collection, collation, and interpretation of information, aimed at early detection of a specific disease or agent in a population or early prediction of an elevated risk, with a pre-specified action that follows the detection ([@b0180], [@b0070], [@b0275]). The World Organization for Animal Health (OIE) has defined animal disease surveillance as "the process of demonstrating the absence of disease or infection, determining the occurrence or distribution of disease or infection, while also detecting as early as possible exotic or emerging diseases" ([@b0190]).

Animal disease surveillance is one of the most important components of an effective and efficient program for disease prevention and control. For that reason, veterinary services dedicate many of their available financial and human resources to surveillance planning and implementation ([@b0070], [@b0275]). Animal disease surveillance has been traditionally been implemented at sub-national and national scales. The need for establishing surveillance systems at continental and global scales has become evident over the last few decades as a consequence of major animal disease epidemics caused by the transboundary spread of infectious agencies. Some of the best documented examples include highly pathogenic avian influenza (HPAI), classical and African swine fever, foot-and-mouth disease (FMD), bluetongue, Rift Valley fever (RVF), and West Nile fever ([@b0195]). In response to this need, international agencies and research groups have developed information systems to facilitate data collection and sharing at a global scale. Examples of information systems developed by international agencies include the OIE's WAHIS (<http://www.oie.int/wahis/public.php?page=weekly_report_index&admin=0>) and the FAO's EMPRES-i (<http://www.empres-i.fao.org/empres-i/home>). The OIE's WAHIS includes official information submitted by OIE member countries in the form of (a) immediate and follow-up notifications on exceptional disease events, or (b) semester and annual reports on the situation of OIE-listed diseases and background information on animal health and control programs. The FAO's EMPRES-i includes official and unofficial reports on disease events collected from different sources, such as country or regional project reports, field mission reports, partner and cooperating institutions and organizations, national governments, the FAO or other United Nations agency's local and regional representations, public domains, the media, and web-based health surveillance systems. WAHIS and EMPRES-i represent a step forward in the implementation of surveillance systems at the global scale; however, there are critical components required for global surveillance that they are still missing.

A global surveillance system may be regarded as a diagnostic test applied at the global scale for the detection of particular agents or diseases. As such, it's ability to determine infection status or risk for a population may be evaluated, for example in terms of its efficiency, accuracy, precision, rapidity and cost-effectiveness ([@b0275]). Information systems implemented by international organizations are exclusively based on the voluntary reporting of cases of disease by member countries. Therefore, it is reasonable to assume that the specificity of those reporting systems is high i.e. it is unlikely or rare for countries to falsely report cases of disease. Conversely, the sensitivity of international disease reporting systems is often unknown (specific metrics of the probability of detection of disease cases are typically unavailable) or probably low in many regions of the world, and that sensitivity likely varies in time and space.

The purpose of this paper is to describe the desirable features and attributes of a global animal disease surveillance system, the requirements that are necessary to develop such a system, and the potential contribution that spatial analytical techniques, methods and tools may have in the development of a global surveillance system. A prototype web-based system (the Disease BioPortal) is also described, using the retrospective analysis of surveillance data for the detection and spread of avian influenza in Denmark and Sweden in 2006 as an example of its application.

2. Limitations and requirements of global animal disease surveillance systems {#s0010}
=============================================================================

The ability of a system to manage and organize disparate streams of information is a critical component of a global surveillance system. National and international organizations, private veterinary practices, abattoirs, poultry slaughterhouses, veterinary hospital's registries, pharmaceutical and agricultural commercial institutes, zoological gardens, agricultural organizations, commercial livestock enterprises, non-veterinary government departments, farm records, veterinary schools, feral animal organizations, research and reference laboratories, pet-food manufacturers, certification schemes, pet shops, breeding societies, serum banks sentinel units, field observations, human surveillance data, and gene banks are potential sources of data and information in a surveillance system ([@b0070], [@b0265], [@b0190], [@b0195]). Data structure, language, semantics and relations differ among those potential sources of information. These need to be combined and organized into one single system in order to build a global surveillance system. The most important component of a surveillance system is the data. The successful process of early detection or risk prediction of an infectious agent or disease in the population largely depends on the quality of collected data, as well as methods of collection, sharing, and communication ([@b0275]). Unfortunately, data reported and collected in many information systems are rarely verified and they are susceptible to multiple, often unknown, biases.

There have been several initiatives to improve the data collection and organization process. For example, hierarchical coding systems allow data of varying degrees of refinement or granularity to be recorded, therefore assisting in the recording of disease profiles according to the available diagnostic detail ([@b0250], [@b0265]). The human medical community has initiated major programs that recognized the shortcomings in their disease surveillance systems with regards to the use of standard terminologies, thus the consolidated health informatics initiatives seeks to standardize human medical terminology ([@b0045]). However, standardization of terminology may be difficult to achieve because laboratories, agencies, and organizations often have different objectives for their information systems, organizational structure, and type and quality of data collected. Alternatively, adaptors (grossly defined as IT applications for converting attributes of a given system into attributes that are compatible with those from another system) may be used to relate disparate databases through the identification and relation of fields that contain equivalent information in each database.

Data are the most important component of a surveillance system. The establishment of global surveillance systems has been greatly impaired by the quality and quality of the collected data. Many factors have contributed to this situation, including limited willingness of some research groups, agencies and laboratories to share disease data freely and transparently. For example, sequencing information is typically made available by laboratories only after publication of results in scientific journals, a process which can typically take several years since the initial collection of the samples. Issues related to data confidentiality have also limited the development of surveillance systems ([@b0265]). Some countries are simply not interested in reporting animal disease cases to the international community because they do not perceive any benefit. Moreover, some countries may perceive disease reporting to have a negative outcome because sanctions (such as trade restrictions) are typically imposed on countries that report the occurrence of particular diseases. Finally, lack of resources in certain regions of the world limits the development of global surveillance systems. Limited resources may affect, for example, the ability to collect data in the field, the quality of laboratory diagnosis, and the ability of veterinary services to prevent and control disease spread.

Issues related to data control and data quality represents, in many cases, a critical limitation to the development of surveillance systems at the global scale. However, development of the IT components of a surveillance system, has progressed rapidly over recent decades. Web-based formal and informal information systems have become popular and accessible to the general public. They provide valuable information for early detection of infectious disease outbreaks, especially in areas invisible to the global public efforts ([@b0320], [@b0260]). For example, during the epidemic of severe acute respiratory syndrome (SARS) in Guangdong Province, China, a number of public and private initiatives aggregated unstructured data from internet-based discussion forums, news outlets and blogs. This helped in the early dissemination of data and information ([@b0085], [@b0260]). Increased uptake of unstructured internet data, by international organizations, such as the OIE and the World Health Organization (WHO), strongly suggests that the public has an increasingly important role in global disease surveillance ([@b0110], [@b0260]). However, it is still recognized that developing countries have a limited ability to participate in internet disease reporting due to the lack of financial resources, education, and limited internet access ([@b0260]). This has an adverse impact on the efficiency of new introduced global surveillance systems that depend largely on internet-based technologies. Moreover, there have not been any international initiatives that focus on the verification and maintenance of the quality of shared disease data derived from internet-based reporting.

A detailed description of the attributes and features of surveillance systems is available elsewhere ([@b0275]). Briefly, in terms of evaluation of the attributes of a surveillance system, novel analytical methods have been recently developed to evaluate the sensitivity of the system. For example, some have proposed the application of models that use disparate data sources to describe each component of a surveillance system and to estimate the sensitivity of the composite surveillance system to support claims of freedom from disease ([@b0160], [@b0165]). However, those methods are applicable to limited geographical areas and diseases for which eradication has been achieved, as documented through accumulated surveillance data ([@b0005]).

3. Application of spatial analysis to animal disease surveillance {#s0015}
=================================================================

It is expected that over the coming decades, the repertoire of analytical techniques available for data analysis at a global scale will increase. Such growth will likely drive countries and organizations to improve the quality of data collection and sharing. Here we review the potential application of methodological approaches in the field of veterinary epidemiology, namely disease mapping, social network analysis (SNA), Bayesian techniques, and landscape genetics and phylogenetic analysis.

3.1. Disease mapping {#s0020}
--------------------

Disease mapping is one of the most commonly used applications of geographical information systems (GIS) in veterinary epidemiology, because it provides an intuitive way to represent surveillance data in form of maps that facilitate interpretation, synthesis and recognition of frequency and cluster phenomena, and decision making ([@b0225], [@b0265]). Application of GIS and remote sensing (RS; the process of acquiring data using sensing devices that are remotely located from the data being collected) is rapidly advancing in veterinary medicine. In addition, during the past decade many research articles, reviews and conferences in veterinary medicine have placed a special emphasis on GIS or RS ([@b0225]). Several types of spatial analyses are now integrated into GIS interfaces and software and are routinely used. These have become a useful complement for disease surveillance systems. Such tools include, for example, cluster and clustering detection techniques, generation of buffers, overlay analysis, network analysis, smoothing and prediction techniques, area and distance calculations, and three dimensional surface modeling ([@b0295], [@b0040], [@b0225], [@b0285], [@b0290]). RS data are increasingly used for surveillance and monitoring, particularly for human vector borne diseases ([@b0015], [@b0245]). Because disease vectors have specific requirements regarding climate, vegetation, soil and other edaphic factors, and are sensitive to changes in these factors that can be only captured and recorded by the current satellite technology, RS can be used to predict their distributions ([@b0225], [@b0245]). RS technology has been used in a very limited way in veterinary surveillance ([@b0300]). However, there are some important applications of RS technology to animal disease surveillance, for example, to survey and monitor herds and their movements and surrounding landscapes to predict the risk for spread of transboundary infectious animal diseases.

[@b0350] proposed 4 major challenges facing the development of disease mapping for surveillance systems, namely (i) disease data heterogeneities, which is mainly caused by the lack of an unified procedure for data collection by different international organizations, which may also lead to the duplication of reports; (ii) difficulties in integration and reusability; (iii) lack of interoperability between different disease services; and (vi) concerns over appropriate cartographical representation and dissemination of sensitive disease information. As noted above, these four challenges are also limitations for the implementation of surveillance systems at a global scale.

3.2. Social network analysis (SNA) {#s0025}
----------------------------------

SNA has been defined as a group of elements and the nature and extent of the connections, relationships or interactions between them ([@b0175]). One of the most important advantages of SNA is its inherent ability to incorporate relationships that are bi-directional, such as contacts between individuals, trade or animal movements ([@b0175]). Mathematical methods and applications of SNA has been discussed and illustrated extensively elsewhere ([@b0060], [@b0080], [@b0175]). Application of SNA has emerged only recently in the field of veterinary preventive medicine ([@b0060]). Most of the initial studies focused on the 2001 FMD epidemic in the UK, and were mostly related to the movements of FMD-susceptible species ([@b0305], [@b0310], [@b0325], [@b0120], [@b0230], [@b0235]). SNA had shown to be a useful technique to identify individuals, populations and regions that are important in terms of the risk for animal disease introduction, spread, dissemination and maintenance. Furthermore, SNA can identify the common attributes, forces, factors and characteristics of these important nodes so that they can be selectively targeted as a part of a prevention or control scheme. SNA can also be used as a support tool for epidemiological modeling, risk analysis, space-time analysis or hazard analysis and critical control points. In addition, SNA can facilitate the identification of individuals (network nodes) in populations that are critical for the maintenance of the network structure. This in turn can help formulate prevention, control, surveillance, and eradication programs ([@b0060]). SNA can be used to identify locations where disease is more likely to be maintained and spread in the event of its introduction into a region. This makes the technique suitable for integration into a surveillance system, in which selected locations could be targeted for surveillance, thus enhancing the sensitivity and reducing the time-to-detection of the surveillance system. Therefore, SNA can improve the efficiency of animal tracing systems -- an increasing requirement for trade within and among countries. For these reasons, SNA may substantially support the decision- and policy-making process ([@b0255], [@b0260], [@b0175]).

3.3. Bayesian techniques {#s0030}
------------------------

Rapid advancement in the field of Bayesian modeling and Markov chain Monte Carlo (MCMC) methods for statistical estimation and inference was possible due to the development of fast and powerful computing hardware and software ([@b0140], [@b0365]). In recent years, the use of Bayesian disease mapping has been progressively expanding spatial statistical methodology for studies on spatial and spatiotemporal variations, trends and clustering of disease and health outcome risks in populations, as well as associated ecological risk factors ([@b0365]). Common methods in Bayesian disease mapping include the classical Bayesian hierarchical models for spatial disease mapping, spatiotemporal disease mapping and more recently bivariate and multivariate disease mapping ([@b0020], [@b0145], [@b0140], [@b0330], [@b0365]). The concept of global and local smoothing --pooling data and borrowing-strength for small area mapping of rare events -- is at the core of the Bayesian disease mapping approach ([@b0140], [@b0365]). This makes the technique an ideal analytical tool to be integrated into a future global surveillance system. In veterinary medicine for example, [@b0020] used Bayesian Gaussian spatial exponential models and Bayesian kriging on canine parasitic disease data in Italy to demonstrate the accuracy of such approaches in identifying areas at risk of zoonotic parasitic diseases. [@b0030] used a flexible Bayesian spatiotemporal regression approach to quantify the association between FMD outbreaks and selected epidemiological factors in Turkey from 1996 to 2003; this type of models could be scaled to manage international and global data. The model identified provinces with high and low risk for FMD occurrence in space and time. [@b0030] demonstrated that the model can be useful when integrated into strategic targeting within a surveillance system, whereby surveillance sampling could be intensified in areas and at times when FMD was predicted to increase, which aids in adjusting control and prevention resources accordingly ([@b0030]). Recently [@b0050] constructed a timely influenza syndromic surveillance system using a Bayesian hierarchical model which incorporates the impact of spatial and temporal dependence, accounts for meteorological data, and performs probabilistic prediction on influenza. Their study concluded that Bayesian hierarchical models can be applied in a dynamic surveillance system to provide early warning for disease emergence, an advantage to previous classical syndromic surveillance approaches ([@b0050]). Integration of such spatial and space-time Bayesian cluster detection models in a global surveillance system can provide a broad, unbiased and flexible range of diagnostic outputs that could be simplified and made widely available ([@b0145], [@b0095]). However, application of Bayesian methods to quantification of risk at the global scale has been limited. For example, [@b0080] used Bayesian model averaging procedures and governance and economic health data to estimate the national probability of FMD outbreaks at a global scale from 1997 to 2005. That model identified significant risk factors that can be targeted to selectively allocate resources for disease control at regional and global scales. Recently, the use of Bayesian formulation in infectious disease models has been proposed for understanding spatial spread and identifying infected, undetected premises over the FMD epidemic that affected the UK in 2001 ([@b0100]) and a hypothetical AI epidemic in the same country ([@b0105]).

3.4. Landscape genetics and phylogeography {#s0035}
------------------------------------------

Landscape epidemiology has the potential to become a very important element in the establishment of a global animal disease surveillance system. [@b0065] defined landscape epidemiology as the study of relationships between ecology and disease aimed at predicting and identifying the spatial distribution of diseases and their vectors or hosts. Landscape epidemiology is a modern epidemiological approach which integrates surveillance data, RS-derived climatic, topographical and other information relating to the environment (such as land cover and the normalized difference vegetation index) within a GIS environment. In addition to statistical analysis of the relationships between the epidemiological and environmental data, the application can lead to prediction of disease outcomes at non-sampled locations ([@b0065]). The integration of landscape epidemiology into a global surveillance system may substantially improve its performance, sensitivity and specificity, since the ecology of most animal diseases differs substantially from country to regional to continental levels. An extension of landscape epidemiology that incorporates molecular data into the analysis has been referred to as landscape genetics.

It has recently been suggested that transboundary animal disease emergence is simultaneously influenced by both genetic and ecological factors and some studies have recently proposed general frameworks for linking molecular changes of infectious agents with the ecological dynamics of the diseases they cause ([@b0215], [@b0150]). The recently developed field of phylogeography has been defined as the spatial analysis of genetic variation that aims to determine the genetic evolution of diseases in space and time, supplementing epidemiological knowledge of disease emergence ([@b0215], [@b0065]). [@b0215] illustrated the linkage between ecological and evolutionary dynamics in rabies virus during its epidemic expansion in eastern and southern Ontario, Canada ([@b0215]). [@b0055] conducted a large scale phylogeographical study using HPAI H5N1 surveillance data from Asia. They found regionally-distinct sublineages of the virus that have become established in poultry populations in different geographical regions of Southeast Asia, and confirmed that Southern China was the focal point for multiple introductions into neighboring countries ([@b0055]). FMD outbreaks reported in Israel and Palestine in 2007 were likely a consequence of different epidemics associated with circulation and spread of FMD virus strains from different regions of the Middle East, as suggested by a study that combined the application of molecular and cluster detection techniques ([@b0010]). Molecular and cluster detection techniques were also jointly used to identify areas in which vesicular stomatitis virus was likely to over-winter in the United States ([@b0205]).

Most of the recent applications of phylogeography have been either descriptive or exploratory. Future integration of phylogeography with ecological methods, landscape genetics, spatial methods, and other mathematical modeling approaches would maximize its potential for quantifying and predicting the disease distribution at a global scale ([@b0065]). Consequently, this will facilitate the integration of phylogeography in the establishment of a global surveillance system for transboundary animal diseases ([@b0055]). In that context, [@b0345] have demonstrated the potential of an innovative space-time cluster genotyping technology to enhance temporal sensitivity of any surveillance system by aiding the detection of moderate and small epidemics. For these reasons, real-time genotyping will also be an essential component of future real-time or near real-time surveillance systems, as sequencing and analysis of samples are expected to become more affordable and rapid, which will contribute to the broad application of such techniques.

4. The Disease BioPortal {#s0040}
========================

Disease BioPortal (previously the FMD BioPortal) is a web-based system that facilitates near real-time animal disease data and information sharing, visualization and analysis. For those reasons, the Disease BioPortal provides an example of an IT system that could be used to support international or global animal disease surveillance efforts. Here, some of the attributes of the system are illustrated.

The Disease BioPortal is an unrestricted, public web site created and maintained by the Center for Animal Disease Modeling and Surveillance (CADMS) at the University of California, Davis (<http://www.fmdbioportal.ucdavis.edu/>). Information and data on \>40 animal diseases and syndromes originally collected and stored at various databases around the world are compiled and organized in the Disease BioPortal central data repository. The Disease BioPortal makes available to the user a set of techniques for cluster detection and phylogenetic analysis of sequences. Users can also depict and analyze data using a novel visualization environment which supports multiple displays including those for illustration of spatial and temporal patterns using the spatio-temporal-visualized (STV) and the Phylo-STV (tutorial video available at <http://www.fmd.ucdavis.edu/ma/rcm/Japan_2010.wmv>) tools. Disease BioPortal functionalities are accessible through the web and data confidentiality is secured through user access control and computer network security techniques such as Secure Sockets Layer (SSL). Disease BioPortal operates with multiple streams of information ([Fig. 1](#f0005){ref-type="fig"} ). Databases are actively collected by, securely transferred to, or produced at CADMS. Databases available in the Disease BioPortal include OIE's WAHID, FAO's Empres-i, GenBank, the World Reference Laboratory's (Pirbright) FMD serological database, PANASFTOSA's weekly reports on vesicular-like diseases, and the FMD News and RVF News produced by the CADMS. By subscribing to FMD News, daily or weekly FMD-related news items captured by different media sources in several languages and in near-real-time can be received (link of FMD News: <http://www.fmd.ucdavis.edu/news.php>).Fig. 1Flow diagram depicting the procedure used to collect, store and share databases in the Disease BioPortal (<http://www.fmdbioportal.ucdavis.edu/>).

More than 459 users from \>50 countries have registered to the Disease BioPortal. Since the inception of the project in 2004, more than 11,000 FMD news items from 128 countries have been delivered to subscribers in near real-time. The use of systems like the Disease BioPortal will enhance the ability of countries and agencies to prepare for and respond to transboundary animal disease epidemics ([@b0210]).

5. Retrospective analysis of avian influenza surveillance data using the Disease BioPortal {#s0045}
==========================================================================================

Potential applications and the impact that web-based surveillance systems can have on regional and global surveillance of animal diseases are illustrated here through the use of the Disease BioPortal for the retrospective analysis and visualization of joint datasets of Swedish and Danish records from the HPAI H5N1 epidemic that affected mainly wild birds around the Baltic Sea during the winter and spring of 2006. Use of the Disease BioPortal to analyze the Danish dataset has been described elsewhere ([@b0315]). The Swedish dataset was recently added to the newest version of the Disease BioPortal system and provides illustrates how disparate databases may be combined for joint analysis as part of a hierarchical surveillance system. The Danish epidemic has previously been documented in official reports from the Danish Veterinary and Food Administration ([@b0075]) and from the European Commission ([@b0090]). Spatial distribution of infection within the country ([@b0280], [@b0315]), its phylogenetic distribution ([@b0025]), and its potential public health implications have been described elsewhere ([@b0185]). The official Danish wild bird surveillance data from 2006 includes \>6700 records of tested samples, of which \>5,500 were fecal samples obtained from migrating wild birds during resting (i.e, surveillance with active collection of data, referred to as "active surveillance data" here); approximately 1200 samples collected from dead wild birds (i.e., surveillance with passive data collection, referred to as "passive surveillance" here) were tested ([@b0315]). From February 15 through May 31, approximately 1000 dead birds were tested. The total number of H5N1-positive wild bird samples was 45, of which only one positive sample was found through active surveillance. The first positive bird was found on March 13, 2006([@b0075]). In addition, a mixed backyard poultry flock was found positive at the end of the epidemic in May ([@b0075]). A total of 22 HPAI H5N1 viruses were isolated, of which 8 have been sequenced and were found to be closely related. The remaining positive birds were positive to real-time polymerase chain reaction (RT-PCR) ([@b0025]). Spatio-temporal analyses identified an early cluster of high HPAI H5N1 virus prevalence among Tufted Ducks (*Aythya fuligula*), which appeared to spread quickly to other wild bird species in the close vicinity ([@b0315]). The Swedish 2006 surveillance dataset contains \>4800 sample records, with approximately 1000 samples tested during the risk period of February 15--May 31. During this period 518 diseased or dead wild birds were tested in the passive surveillance, of which 65 were HPAI H5N1-positive to RT-PCR. The first positive Swedish bird was identified on February 24, 2010. No cases were detected in the active surveillance program (live birds trapped or hunted). Published sequence data from positive birds revealed two distinct sub-lineages ([@b0115], [@b0340]). In a hunting preserve with mallards (*Anas platyrhynchos*), located within the active surveillance zone around the index case, one of the birds was found positive on March 20. Although we failed to identify published epidemiological studies from Sweden, some data were available elsewhere ([@b0240], [@b0090], [@b0125]).

The epidemics in both countries had several characteristics in common. Most PCR-positive birds were found close to the shore along the shallow waters of the Baltic Sea and of its associated straits ([Fig. 2](#f0010){ref-type="fig"} ). The duration of the epidemic (the time period between the first and the last detection of a positive case) was 56 days for Sweden (February 24--April 21) and 70 days for Denmark (March 13--May 22). In each country there was one positive poultry farm, both with a mix of species including ducks. [Table 1](#t0005){ref-type="table"} summarizes the numerical composition of the joint database by country and species (Tufted Ducks and other species, respectively), as well as the resulting relative risk estimated for species (Tufted Ducks, other species) stratified by country, and for country (Denmark, Sweden) stratified by species. The proportion of Tufted Ducks that tested positive was high in both countries ([Table 1](#t0005){ref-type="table"}) and the proportion of positive Tufted Ducks was high during the first period of the epidemics ([Fig. 3](#f0015){ref-type="fig"} ). Disease prevalence was higher in Sweden than in Denmark, except among Tufted Ducks where the reverse was true ([Table 1](#t0005){ref-type="table"}). Such differences may have been influenced by various selection biases because of the passive collection of surveillance data ([@b0035]). Spatial ([Fig. 2](#f0010){ref-type="fig"}), temporal ([Fig. 3](#f0015){ref-type="fig"}), and phylogenetic relationships ([Fig. 4](#f0020){ref-type="fig"} ) are simultaneously displayed (in color coding) on the monitor during the on-line session in the Disease BioPortal.Fig. 2Cases of highly pathogenic avian influenza in Sweden (blue dots) and Denmark (orange dots) illustrated using the Disease BioPortal (<http://www.fmdbioportal.ucdavis.edu/>) spatio-temporal visualizer (STV) tool; note location of collected positive birds along the shorelines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Table 1Number of tested and PCR-positive birds by country and species, and relative risk stratified by species and by country for highly pathogenic avian influenza H5N1, 2006.CountrySpeciesPCR-positiveTested% PositiveRelative riskSpeciesCountrySwedenAll6551812.5-1Tufted D.368343.46.51Other sp.294356.711  DenmarkAll449514.6-0.4tufted D.263672.236.71.7Other sp.18915210.3  TotalAll1091,4697.4\--Fig. 3Cases of highly pathogenic avian influenza in Sweden and Denmark stratified by species and week depicted using the Disease BioPortal (<http://www.fmdbioportal.ucdavis.edu/>) spatio-temporal visualizer (STV) tool; note that Tufted Ducks dominate early in the epidemic.Fig. 4Phylogenetic tool from the Disease BioPortal (<http://www.fmdbioportal.ucdavis.edu/>) applied to the combined pool of 8 Danish and 8 Swedish H5N1 highly pathogenic avian influenza viruses. Users may change the value of genetic distance that is used as a threshold (red circle) to categorize isolates as "similar" and "different", which are depicted in the tree and in the spatial visualizer using colors specific for each category (orange and gray in the example hear). Here, the tree was built using a neighboring joining algorithm; users may also implement maximum likelihood and maximum parsimony algorithms. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Spatio-temporal cluster detection in the Danish dataset was performed using a scan algorithm implemented in the SaTScan software ([@b0135]), with both uni- and multivariate methodology ([@b0130]) to relate clustering among Tufted Ducks to that among other species ([Fig. 5](#f0025){ref-type="fig"}, [Fig. 6](#f0030){ref-type="fig"} ). Both the univariate and the multivariate models were statistically significant (*P*  \< 0.001) ([@b0315]).Fig. 5Location of cases included in the multivariate cluster. The temporal window for the cluster is March 15--23, 2006, and it is illustrated using a Google Earth map available through the Disease BioPortal (<http://www.fmdbioportal.ucdavis.edu/>).Fig. 6Univariate and multivariate clusters around H5N1 highly pathogenic avian influenza cases in Denmark, March 15--23, 2006, depicted using the Disease BioPortal (<http://www.fmdbioportal.ucdavis.edu/>) spatio-temporal visualizer tool.

6. Discussion {#s0050}
=============

Emergence and spread of diseases at a global scale have created unprecedented new challenges to solving local, regional, and global problems of animal and human health and to mitigating their social, economic, and political consequences. Global efforts to maintain animal and human health need knowledge of disease incidence and changing risk factors -- such as environmental, economic and political factors and the international movement of humans and animals. A prerequisite to understanding local, regional or global distributions of disease or disease risks is rapid access to current information on these distributions.

Most existing animal disease surveillance systems are limited in their scope and do not completely address the need for real-time surveillance of emerging animal and zoonotic infections ([@b0170]). As an example, the Disease BioPortal was developed to fill this gap as a generic, publicly accessible tool providing flexible input and output solutions ([@b0270]). Focusing on a restricted geographical region the present study applied some of its visualization tools, such as the STV ([Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}, [Fig. 6](#f0030){ref-type="fig"}), Phylo-STV ([Fig. 4](#f0020){ref-type="fig"}), and Google Earth ([Fig. 5](#f0025){ref-type="fig"}). The most recent Disease BioPortal version accommodates techniques for detection of spatio-temporal clusters as an integral part of the on-line functionality.

Here, we demonstrated the use of the Disease BioPortal system through the retrospective analysis of HPAI data collected by Sweden and Denmark Real-time use of the Disease BioPortal would have certainly improved the repertoire of tools and techniques available to veterinary services to impose efficient control measures. For example, when the epidemics ended in the affected regions of Sweden and Denmark it was feared that the infection was moving north -- following the natural migratory patterns of birds -- and that northern regions of Denmark and Sweden and neighboring countries such as Norway and Finland may become infected. Consequently, there was a mobilization of manpower and technical resources by the national veterinary services and other government authorities to prevent further spread of infection. Control measures were quite costly for the Danish and Swedish economies and included, for example, the imposition to keep poultry indoors, temporary zoning around all wild-bird cases, limiting the movement of poultry and poultry products, and screening of poultry and back-yard flocks inside the control zones before restrictions could be lifted ([@b0075]). However, no cases were detected in neighboring countries and in retrospect, Denmark was the last European country to become infected in the European spring 2006 epidemic. Because only the south-eastern part of Denmark became affected ([Fig. 2](#f0010){ref-type="fig"}), it has been hypothesized that the wild-bird infection died out in that specific region, possibly due to increasing air and water temperatures ([@b0200], [@b0220]). Arguably, early appreciation of the temporal-spatial regional evolution of the epidemic in Denmark and Sweden, which could have been through the real time analysis of data using the tools shown here, might have reduced the costs associated with a continued high alert level in the region as well as the fear that the infection might return with the fall migration of wild birds. Similarly, systems with the attributes and features such as those available in the Disease BioPortal would provide support for decision-makers in the face of an infectious disease epidemic. Because there is an urgent need for the implementation of a near-real-time animal disease surveillance system at a global scale, and considering that analytical techniques are rapidly evolving, it is expected that over the next few years there will be substantial progress in the establishment of a global surveillance effort. However, many issues that have prevented the development of such a system still need to be solved including, for example, the role that international and national organizations will play in maintenance and operation of the system, quality of the data, temporal sensitivity of the system, and financial and logistic support. Because of the recent development of new technology, once those issues are solved, it is expected that such development will represent a substantial step forward in the prevention and control of transboundary animal diseases at regional and global scales.
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